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PART  1 -SUMMARY 

During  the  first  phase  of  this  study,  the  effect  of  repetitive  exposures  to  acceleration  on  spinal  dynamics  of  subhuman 
primates,  such  as  possible  bone  strength  variations  or  predisposition  to  spinal  injuries,  was  investigated.  In  this  phase  of  the 
program,  two  young  adult  mate  baboons  (Papio  anubis)  were  lightly  anesthetized  (tranquilized)  with  ketamine  hydrochloride 
and  placed  in  specially  deiignad  restraint  chairs  side-by-side  on  the  animal  platform  of  the  AFAMHL  Dynamic  Environment 
Stimulator  (DES),  a  man-rated  centrifuge.  They  were  exposed  to  10  cycles  of  4G,  for  SO  seconds  with  45-aeoond  intervals  at 
1.5G,  twice  per  week  for  26  weeks.  Electrocardiograms,  heart  rate  recordings  and  TV  cameras  were  used  to  monitor  the 
animals.  Following  6  months  of  acceleration  on  the  centrifuge,  the  animals  were  euthanltedi  and  their  spinal  columns  were 
excised  for  biomechanical  strength  evaluation  in  the  eecond  phase  of  the  program. 
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PART  2— SUMMARY 

A  review  of  the  literature  on  the  effect!  of  hypergravity  on  the  ekeletal  eyetem,  mainly  in  lower  animals,  revealed  great  dif¬ 
ferences  among  different  Investigators,  The  study  of  spinal  dynamics  of  higher  animals  under  centrifugation  has  been  rela¬ 
tively  neglected,  No  previoua  systematic  atudy  was  conducted  to  delineate  the  influence  of  acceleration  on  vertebral  bone 
strength.  Consequently,  the  second  phase  of  the  study  was  conducted  to  analyte  vertebral  bone  strength  of  the  two  baboons 
that  were  centrifuged  during  phase  1.  Each  vertebra  was  subjected  to  axial  compressive  loading  at  the  rate  of  8.89  X 10  3 
meter/sec  (21  inches/min)  on  a  material  testing  machine.  The  data  were  analysed  on  a  PDP-11/34  computer  and  compared 
to  data  obtained  previously  from  four  non-centrlfuged  baboons  of  the  same  age,  weight  and  sex.  Eight  strength  (material 
property)  variables  were  evaluated:  stiffness,  ultimate  load,  displacement  to  ultimate  load,  ultimate  engineering  stress, 
energy  to  ultimate  load,  yield  load,  displacement  to  yield  load,  and  engineering  yield  stress.  Although  none  of  the  results  of 
these  mechanical  strength  tests  was  conclusive,  there  was  a  consistent  trend,  Indicating  that  centrifugation  at  this  level  and 
for  this  time  period  has  a  weakening  effect  on  spinal  vertebrae  of  baboons.  This  preliminary  study  makes  it  feasible  to 
repeat  the  experiment  using  more  animals  under  better  controlled  conditions  to  determine  If  the  vertebrul  changes  are 
reproducible  and  statistically  significant. 
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PREFACE 

The  reeeArch  covered  in  thie  report  was  performed  at  The  Air  Force  Aerospace  Medical  Research  Laboratory  (AFAMRL), 
Wright-Patterson  Air  Force  Base,  Ohio,  in  support  of  Project  2312V318,  “Effects  of  Prolonged  Acceleration  of  Spinal 
Dynamics,"  with  Dr.  A.R.  Slonim  as  principal  investigator. 

Part  1  of  this  study  concerned  experiments  conducted  on  the  Dynamic  Escape  Simulator  (DES).  Dr,  Slonim  is  a 
member  of  the  Biodynamic  Effects  Branch  and  Dr,  Veghte,  Mr.  Souder,  and  Mr.  Frasier  are  members  of  the  Acceleration  Ef¬ 
fects  Branch)  both  branohei  are  part  of  the  Blodynamioa  and  Bioengineering  Division,  AFAMRL.  The  authors  acknowledge  the 
valuable  assistance  of  the  following  In  handling  the  baboons  for  this  itudyt  SSgt  Kevin  T.  Jackson,  SSgt  Stephen  Vinal,  A1C 
Carol  Carlson,  SSCt  David  Cushing  and  others  of  the  Veterinary  Sciences  Division,  Mary  Jo  Nieser,  student  aides  Charles  Silas, 
Ceorge  Yewey  and  Dan  Powers,  Dr.  A.T.  Kiasen  and  Mr,  Alva  A.  Karl,  Special  thanks  are  due  Mrs.  Nieser,  and  Mr.  Silas  for  their 
long  record  of  assistance  throughout  this  study.  In  addition,  the  assistance  of  Mr.  Vance  D.  Skowronski,  numerous  military  and 
contractor  personnel  engaged  In  operating  the  centrifuge  is  gratefully  acknowledged.  This  part  of  the  study  was  supported  by 
contract  F336 1 5-77-C-05 1 5  with  Systems  Research  Laboratories,  Inc.,  and  contract  F3361S-RO.C*OSuO  with  Raytheon 
Corporation. 

Part  2  of  this  study  involved  the  biomechanical  testing  of  each  baboon  vertebra  on  a  material  teat  system  and  data  analysis  on  a 
PDP-1 1/34.  Part  2  was  supported  in  part  by  contract  F33615-78-C-0506  with  the  University  of  Dayton  Research  Institute, 

Dayton,  Ohio.  Both  authors  are  members  of  the  Biodynamlc  Effects  Branch  of  AFAMRL. 
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PART  1:  ACCELERATION 


A.  R.  Slonlm,  PhD 
M.  E.  Soudtr 
J.  H.  V*ght#,  PhD 
J.  W.  Frailtr 


INTRODUCTION 

The  effects  of  accelerative  stress  on  man  have  been  studied  extensively  for  many  yearsi  major  emphasis  has  been  on  cardiovas¬ 
cular,  respiratory,  metabolic  and  visual  effects,  On  the  other  hand,  in  studies  of  hypogravity  (prolonged  bedrest,  immobilization 
and  weightlessness),  the  skeletal  system  has  received  major  attention.  Although  the  effects  of  acceleration  or  hypergravity  on 
bone  in  animals  have  been  reported  in  recent  years,  their  implication  to  humans  has  not  been  adequately  considered  or  even 
mentioned  in  various  literature  reviews  (cf,,  e.g.,  Fraser,  1966;  Vasil'yev  and  Kotovskaya,  1973;  Kotovskaya  et  al.,  1977;  US  Air 
Force,  1979).  The  question  is  raised  whether  or  not  personnel  who  are  continually  exposed  to  accelerative  forces  become  more 
vulnerable  to  spinal  trauma.  The  new  generation  of  faster,  higher-G-performancc  aircraft  have  made  it  increasingly  important 
to  determine  if  repetitive  exposures  to  acceleration  have  an  effect  on  spinal  dynamics  (e.g.,  hone  strength  variations)  or  cause 
debilitating  to  serious  spinal  injuries  to  aircrew  members. 

An  Investigation  was  initiated  to  study  this  problem  in  babouns  (Papio  anubis),  whose  spinal  geometry  resemhles  that  of 
man.  An  acceleration  profile  was  selected  for  the  baboons  that  would  be  stressful,  but  ut  u  level  low  enough  to  preclude  the 
development  of  serious  physiological  disturbances  so  that  testing  could  he  continued  throughout  a  6-monlh  period.  This 
study  consists  of  two  major  parts:  the  acceleration  experiment  and  the  postmortem  biodynumie  evaluation  of  the  spine,  Part 
1  covers  the  results  of  testing  two  adult  baboons  simultaneously  on  a  centrifuge  twice  weekly  for  six  months  and  comparing 
them  to  two  control  baboons.  The  results  of  extensive  mechanical  stress  testing  of  the  huboon  vertebrae  are  discussed  in 
part  2. 


TEST  ANIMALS 

Four  adult  male  baboon*  of  approximately  the  same  size,  22-32  Hi  (10-15  kg),  were  selected  for  this  study.  The  animals  were 
quarantined  and  maintained  in  good  health  at  the  uniinal  facility  of  the  Veterinary  Sciences  Division,  AFAMRL  Two  of 
them  served  as  test  animals  by  being  centrifuged  for  6  months,  and  two  served  us  controls  by  remaining  under  observation 
in  the  unimal  facility  without  exposure  to  uny  biodynumie  stress  during  the  test  period.  Kurly  in  the  study,  one  eontrol  (No. 
F- 1 8)  and  one  test  (No.  F-02)  baboon  were  replaced  by  other  baboons.  Buhoou  F-02  severely  Injured  his  arm  in  his  cage,  n^ 
quiring  surgery.  He  was  replaced  by  Bubuon  F-24  in  the  third  week  of  the  program.  Control  Buhoou  K-lfi,  because  of  his 
very  small  size,  was  needed  for  another  experiment  und  was  replaced  by  Baboon  F-20,  Nevertheless,  the  data  reported 
herein  cover  26  weeks  of  observation  for  all  animals  under  control  or  lest  conditions. 

The  two  test  baboons  were  lightly  sedated  with  ketamine  hydrochloride  in  u  dose  that  varied  from  100  to  40  mg  minimus- 
eularly  per  unimal  per  experiment  throughout  the  26-week  study.  The  dose  was  usuully  (hut  not  always)  at  the  lower  range 
levrl  as  the  animal  became  more  adjusted  to  the  study  with  lime.  The  dose  was  given  just  before  transporting  the  animals 
from  the  animal  facility  to  the  centrifuge  building,  Here  the  two  uiiimuls  were  brought  first  into  a  surgical  preparation  room 
aod  prepared  for  placement  into  individual  restraint  systems,  as  shown  in  Fig.  I  (OlolT  und  Finch,  197H).  Following  this  the 
baboons  were  curried  immediately  to  the  centrifuge  room. 
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MONITORING 


ACCELERATION  PROFILE 


The  operation  of  the  centrifuge,  or  DES,  in  accordance  with  u  specific  acceleration  profile  was  accomplished  by  a  computer 
program,  using  a  PDP-11,  in  another  room  overlooking  the  centrifuge. 

Two  baboons  were  expiated  to  +Ci  acceleration  simultaneously  twice  per  week  for  a  period  of  6  months  (26  weeks).  This 
occurred  usually  at  1  tOO  PM  on  Tuesdays  and  Thursdays  of  each  week.  The  acceleration  profile,  shown  in  Fig.  4,  consisted 
of  ten  repetitive  plateaus  of  4  G,  (23.S  RPM)  each  lasting  30  seconds  and  separated  by  resting  intervals  of  1 .5  Gt  lor  45 
seconds.  The  onset  of  acceleration  and  deceleration  was  at  the  rate  uf  0,3  G  per  second.  At  the  termination  of  each  cen¬ 
trifuge  test,  the  snimsls  were  again  sedated  to  remove  their  ECG  leads,  detach  their  restraint  system,  and  return  them  to 
the  animal  holding  facility,  the  Vivarium,  until  the  next  experiment.  After  the  second  centrifuge  run  of  the  week,  however, 
'ideographs  of  the  skeletal  system  were  taken  of  each  animal;  this  was  accomplished  weekly  for  the  duration  of  the  study. 


Figure  4.  Acceleration  Profile.  (Numbers  under  curve  represent  time  in  seconds;  those  in  brackets  represent  peaks  1-10  at  +  4  (i,,| 
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RESULTS  AND  DISCUSSION 

. . . . . . .  -- 

became  inure  adjusted  to  the  <’*1'* ri,m  "*• 1  "  ,  .  q  ,h,.  ilotiittc  hail  III  bf  im-reused  In  tin-  60-80  mi?  lovi*!.  nr 

reduced  aim ul  50%.  from  100  in  50  mg  i.m  -.otter  6  w.  *  J"1 ."‘JT ' J,’ „ ,,  m*  rifuKr  lest*  it.  the  lust  .nnnlh.  Bnlh  animals  ev 
n.»  baboon  lK-32)  required  10-20  ...g  more  pronounced  over  ihe  firs,  few  monlh.  of  thr  study. 

Huu.lne  nnterioWpoMerior  and  lulersl  X-ray*  W*r* eaXahow^d  !*a  molar. lun  .he  rV>  *ldc)thal  had 
The  X-ray.  verified  that  both  teit  animal,  were  approx.ma  ky  the  n  g  of  (he  ,M,  baboon(l  (F-24)  exhibited  an  enlarged 

not  .urfaced  through  the  gum. The  ,bab  ~°hn*  *!*“  buhoon  olso  .holed  radlologically  .onto  spinal  changes,  such  as  a  loss 
hear,  that  became  more  pronounced  with  tame.  The  »«» I and.  generally,  a  loss  of  border  align- 
of  intervertebral  disc  space  h«lght.  •" i  approx, mafhjii LcrPv„ion  was  not  clearly  demonstrated  at  all  times.  Some  disparity  in 

0»  X">  •— » bt  “l"w  ln  ‘ 

!.  to, .  .hdrough  blodynamic  Si  J eL.d  .1  H«— »•  ... 

presented  in  part  2).  The  spinal  columns  of  the  test  (  >e  |oa()ing  rate  (B.89  x  10  1  metcr/sec)  and  grouped 

lachmcnts,  etc.;  and  the  vertebrae 1 ,  to  L,  were  eat  ^  gt  #rc(j  t0  (he  dutu  obtained  previously  from  four  non- 

also  into  sir.  column  positions  for  duta  analysis.  The i  rtsu  .  Jdm  vuriable»  concerning  the  material  properties  of 

cuntriruged  tab™,  .f  .he »  *•> ■  „l.™  po.ltai  .l«ta«.  .hta.» 

the  thoracic  and  lumbar  vertebrae,  T,  L„  were  analyse  P  ,0  u|,imatc  loud,  yield  load,  displacement  to  yield  load, 

load,  displacement  to  ultimate  load,  ultimate  engineering  *  _  .  W  jpeelmen  load  is  plotted,  as  ordinate,  versus  the 
«d  ih«L.rl»8  yield  »e..- * W'™' n.Jl.1  P-peH.  eh.,«.e,».le. .( lb. 
specimen  displacement,  as  ubtactisa  (KuarUn i  and Gra  ,  j  mttchlne  «nd  compared  to  those  ot  the  non-centrifuged 

vertebrae  of  the  two  test  baboons  were  ana  y  .  y  relevant,  therefore,  to  re peal/extend  this  experl- 

L;S:“le,e«  .he  ...pie  .l.e  -d  «-».  •»»  .P«  0»»>»  "" 

real,  not  drug-induced,  and  statistically  valid. 


Figure  5.  A  Typical  Load  versus  Displacement  Test  Curve.*  [after  AMRL-TR-79-8] 


♦For  more  detail  see  Figure  6. 
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PART  2:  BIOMECHANICAL  ANALYSIS 

A.  R,  Slonlm,  PhD 
L.  E.  Kazarian,  Dr  Ing 

INTRODUCTION 

The  effects  of  a  hypergravity  environment  on  the  skeletal  system  have  received  major  attention  only  within  the  pait  IS  yeara  or  so. 
Many  of  these  studies  generally  have  been  In  agreement  with  Wolffs  Law  of  Bone  Growth,  viz.,  that  an  increase  in  stress  to  bone 
results  in  growth  of  its  stressed  elements.  However,  the  results  reported  in  the  literature  hy  various  Investigators  using  mainly 
rodents  and  birds  exposed  to  centrifugation  have  been  quite  varied,  contradictory  in  some  cases,  and  very  complex  especially  In 
regard  to  bone  alterations,  The  reasons  for  this  may  depend  on  the  nature  and  extent  of  the  hypergravity  state;  the  animal 
species,  Bge,  sex  and  bone  remodeling  rate;  and,  to  some  extent,  the  control  conditions  of  the  study.  The  complex  differential 
response  of  bone  to  gravity  and  some  of  the  contradictions  reported  in  the  literature  are  discussed. 

S.  D.  Smith  (1975)  using  3-month-old  rats,  raised  as  a  third  generation  of  constantly  centrifuged  animals,  and  two  different 
groups  of  control  rats,  one  for  earth  (I  G)  and  one  for  rotation  (1.03  G),  showed  the  following  differential  response  to  femurs  of 
rats  exposed  to  2  G;  a  decreased  length  and  length/diameter  ratio,  increased  cortical  thickness/diameter  ratio,  and  ossification  of 
the  femur  head  being  slightly  advanced  but  the  distal  epiphyseal  plate  being  thinned.  Negulesco  and  Clark  (1976)  found  that 
1-week-ald  female  chicks  (Rhode  Island  Reds)  exposed  to  2  G  showed  a  decreased  fractured  radial  length,  weight  and  a  smaller 
proximal  epiphyseal  diameter.  Negulesco  (1976)  reported  also  that  there  was  a  significant  decrease  in  the  average  weight  of  both 
intact  and  fractured  radii  of  female  chicks  exposed  to  2  G  for  2  weeks.  Note  that  the  length  of  intact  radii  was  no  decreased  as 
were  fractured  radial  length,  weight  and  epiphyseal-diaphyseal  diameter  In  the  Negulesco  study.  This  conflicts  with  the  results  of 
Oyama  and  Zeitman  (1967)  and  S.  D.  Smith  (1975),  who  reported  that  intact  femoral  length  of  rat  was  decreased  by  chronic  cen¬ 
trifugation,  and  A.  H.  Smith  (1972),  who  reported  that  humeral  length  of  chickens  increased  rather  than  decreased  upon  chronic 
acceleration,  Negulesco  (1976)  attributed  the  difference  in  results  to  the  use  of  older  animals  and  longer  centrifugation  time.  A. 

H.  Smith  and  Kelly  (1963),  who  ulso  worked  with  chronically  centrifuged  chickens,  reported  that  femoral  size  increased  hut 
osseous  mass  was  smaller  than  that  of  control  animals.  Except  for  differences  in  length  of  intact  radii,  Nrgulesrn'a  work  gen¬ 
erally  supported  the  findings  of  Oyama  and  co-workers  (1967, 1973),  who  reported  that  a  decreased  femoral  muss,  length,  mid¬ 
shaft  diameter  and  body  weight  occurred  in  chronically  centrifuged  female  rats,  On  the  other  hand,  jankovlch  (1971)  slated  that 
bone  development  of  rats  bb  a  function  of  age  appeared  unaffected  by  *ow  G  forces  from  1.5  to  2.5  G;  however,  he  did  observe  a 
slower  longitudinal  bone  growth  In  these  centrifuged  rats.  Negative  (no  effect)  results  were  reported  also  for  chickens  hy  Riggins 
and  Chacko  (1977),  who  exposed  Single  Comb  White  Leghorn  adult  males  to  centrifugation  varying  up  to  3  G  over  an  18-week 
period. 

Wundcr  and  co-workers  In  a  scries  of  studies  evaluating  the  femur-bending  properties  of  hypergravity  reported  that  young  male 
rats  (5-8  wks  old)  centrifuged  to  3  G  for  up  to  65  days  increased  their  ubility  to  sustuin  bending  forces,  which  was  uttrllmluidr  to 
increased  strength  of  material  rather  than  bone  size  or  shape  and  to  young  ugc  where  experimental  bone  material  seemed  to 
grow  to  maturity  better  than  in  mature  rats  (Wunder,  Cook  et  aL  1977).  This  xame  3-G  stress  also  increased  the  femur-bending 
properties  in  mice,  but  had  less  effeel  (50%)  on  the  smaller  animals  (mice)  than  on  ruts;  i.c„  the  femurs  were  not  as  large  or  as 
strong  in  mice  as  in  rats  (Wunder  and  Welch,  1977).  Furthermore,  mice  al  4  G  exposure  did  nnt  show  the  sume  effert  upon  the 
femur’s  supporting  ability  us  mice  at  3  G.  The  4  G  mice  (at  with  3  G  rats  and  mice)  showed  relatively  weaker  male  hones  but 
larger  size  than  the  controls;  thus,  the  3  G  femurs  should  be  better  able  to  support  decreased  body  mass  In  mice  than  the  4  C 
femurs,  It  appears  that  the  optimum  field  for  development  of  the  femur’s  supporting  ubility  is  below  4  G  with  mice  and  may  he 
below  3  G;  this  has  led  Wunder  to  propose  further  studies  to  establish  a  linear  range  of  this  “effective  vs,  field-intensity  relation¬ 
ship."  Wundcr  (1977)  also  reported  that  a  greater  degree  uf  femoral  weakness  under  excessive  hypergravity  existed  with  male 
than  with  female  mice. 

S.  D.  Smith  (1977),  using  earth  and  rotation  controls  and  rats  of  both  sexes  as  previously  (1975)  except  not  derived  ("selected") 
from  three  generations  of  centrifuged  rats,  reported  that  2  G  up  to  16  weeks  caused  decreased  femoral  length,  reduced  femoral 
diameter,  decreased  L/D  ratio,  increased  femur  length/body  weight,  decreased  cortical  thickness,  increased  diumeter/corilcal 
thickness  ratio,  thinned  and  distorted  epiphyseal  plate,  and  thickened  condylar  cartilage  in  female  rats,  Some  of  these  changes, 
such  as  in  diameter  and  cortical  thickness,  were  pronounced  in  the  early  stages  of  the  study  for  both  sexes  (l.e.,  up  to  4  wks),  after 
which  the  effects  were  greatly  reduced  in  females,  The  rotation  controls  (1,05  G)  exhibited  opposite  changes  to  the  eentrifuged 
rats  in  that  thoy  exhibited  increased  femoral  length,  increased  U D  ratio,  decreased  diamcter/cortical  thickness  rutlo,  and  ac¬ 
celerated  ossification  of  femoral  head;  similarly,  the  1 .03  G  rats  showed  a  reduced  femoral  diameter  as  did  the  2  G  rati.  In  addi¬ 
tion  to  the  sexually  dimorphic  response  of  these  rats,  with  the  females  being  more  severely  affected  thun  males  In  many  (not  all) 
skeletal  areas  by  hypergravity,  Smith  stated  that  rotation  and  hypergruvity  produce  opposite  effects  on  growing  animals,  with  the 
former  enhancing  growth  and  the  latter  retarding  it;  rotation  seems  to  advance  the  formation  of  ossification  centers  while 
hypergravity  seems  to  depress  the  function  of  the  epiphyseal  plates.  He  emphasized  that  hypergravity  and  rotation  appear  to 
have  both  a  qualitative  and  quantitative  difference  in  young  versus  adult  animals. 


12 


Ncgulesco  and  Kossler  (1978),  continuing  the  studies  with  newly  hatched  Khode  Island  Red  chicks,  reported  that  2-week-old 
chicks  exposed  to  2  C  for  2  weeks  developed  an  increased  width  of  cartilage  layers  of  the  proximal  epiphyses  and  inhibition  of 
both  height  and  width  of  the  cartilage  layers  of  the  distal  epiphyses,  In  a  more  recent  report  on  Rhode  Island  Red  low!,  Smith, 
Spangler,  Burton  and  Rhode  (1979)  studied  the  response  of  mature  males  to  6  G(/4  min,  eight  times/day,  five  timrs/wcck  for  24 
weeks,  Based  on  mortality  rates,  lymphocyte  frequency  (a  stress  indicator)  und  postmortem  findings,  they  postulated  that  animals 
cun  he  divided  into  three  categories:  a  very  susceptible  group,  a  moderately  tolerant  group  and  u  rather  resistant  group,  with  the 
first  group  showing  the  most  severe  lymphopenia,  morbidity,  pathology,  mortality  and  lurge  body  muss.  This  indicates  that  the 
tamo  animal  species  are  heterogenous  in  their  response  to  repeated  accelerations. 

A  hiatomorphometrlc  study  on  bone  remodeling  in  3-week-old  female  rats  exposed  to  2  C  for  u  total  of  18  days  was  reported 
recently  by  Nogues  and  Peuchmaur  (1980).  Following  centrifugation,  ail  bones  were  measured,  growing  cartilage  was  studied  un 
decalcified  sections,  and  histomorphometric  and  hlstodynamlc  (tetracycline  fixation)  studies  were  conducted  on  calcified  sections 
hy  analyzing  six  bone  parameters  (e,g„  bone  volume,  relative  osteoid  surface,  mean  osteocyte  lacunae  surfaces,  resorption 
lacunae,  etc.)  The  major  changes  noted  were  a  shortening  of  femurs  associated  with  growth  cartilage  alterations,  a  decrease  in 
bone  volume  without  an  Increase  in  osteocytic  activity,  and  (by  tetracycline  fiuroescent  analysis)  a  reduced  appoaitional  rate  in 
bone.  The  bone  remodeling/equilibrium  results,  in  which  there  were  deficient  bone  formation  (apparently  due  to  slower  osteo- 
blastic  activity)  and  little  if  any  bone  hyperresorption,  were  in  disagreement  with  the  "classical  biomechanics  data  according  to 
which  reduced  bone  maaa  is  a  reaponse  to  reduced  mechanical  force  and  inveriely."  The  hlstodynamlc,  equilibrium  and  other 
changea  obierved  in  this  itudy  that  were  In  opposite  directions  reflect  that  numerous  factors  are  involved  in  hypergravity  effects 
on  bone  remodeling.  In  this  regard,  e.g.,  S.  D.  Smith  (1975,  1977)  pointed  out  that  rotation  may  be  important  also  ut  least 
qualitatively  and  tended  to  act  in  an  opposite  direction  to  acceleration.  Nogues  and  Peuchmaur  believe  further  that  the  osteo¬ 
porosis  seen  in  their  centrifuged  rats  is  due  primarily  to  stress  acting  on  ACTH,  which,  in  turn,  releases  corticosteriod  hormones, 
for  the  response  is  similar  to  that  produced  by  hyperactive  adrenals  or  cortisone  (e.g„  opposition  to  conjugation  curtilage  devel¬ 
opment,  reduced  bone  formation  followed  by  reduced  resorption  in  trabecular  bone  first,  and  reduced  intestinal  absurption  of 
calcium  plus  Increased  urinary  calcium  excretion).  These  workers  found  little  or  no  role  played  hy  parathormone.  In  contrast, 
Sannes  and  Hayea  (1975)  showed  increased  parathyroid  gland  aecretory  activity  in  Mongolian  gcrblls  exposed  to  continuous  ac¬ 
celeration  to  2  G  for  60  days.  Recently,  other  hormones  have  been  implicated  in  hypergravity  stress.  Fiorindo  and  Negulesro 
(I960)  reported  that  acceleration  on  2-week-old  chicks  did  not  affect  the  growth  hormone  content  of  the  anterior  pituitary,  hut 
markedly  reduced  the  prolactin  levels  of  this  gland.  Even  in  the  area  of  calcium  levels  of  centrifuged  animals,  discrepancy  exists. 
Whereas  Oyama  and  Zeltman  (1967)  reported  that  rats  centrifuged  at  4.7  G  for  one  year  showed  depressed  calcium  levels, 

Sannes  and  Hayes  reported  no  significant  calcium  change  In  gerbils  centrifuged  at  2  G  for  60  days;  perhaps  in  the  former  case 
the  hypergravity  was  excessive.  It  is  quite  clear  from  all  the  above  reports  that  great  differences  in  results,  even  contradictions, 
exiat  among  the  different  investigations.  To  a  large  extent  these  differences  are  due  to  variations  In  experimental  conditions, 
such  as  animal  species,  age  and  sex,  magnitude  and  duration  of  acceleration,  the  dynamic  equilibrium  state  of  bunc,  and  the  time 
frame  In  which  measurements  are  taken. 

Although  considerable  work  still  remains  to  clarify  the  hypergravity  effects  observed  ubuve  in  lower  animals,  there  is  nothing  in 
the  literature  concerning  the  effects  of  prolonged  acceleration  on  the  skeletal  system  of  higher  animals,  especially  ut  the 
subhuman  primate  level.  This  is  unfortunate,  for  humans  are  now  accumulating  long  exposure  time  to  accelerative  stress  since 
the  advent  of  high  performance  aircraft  as  discussed  in  part  1  of  this  report.  Recently,  Carlson  und  Znrkrisson  (1977)  reported 
that  Swedish  flying  personnel  (average  of  about  4000  hours),  who  were  examined  at  5-  and  10-year  Intervals,  exhibited  u  loss  of 
alveolar  marginal  bone  of  the  mandible.  High  altitude  flying,  reduced  partial  pressure  of  oxygen,  stress  and  vibration  were 
auapected  as  possible  causes.  It  seems  propitious  now  to  examine  the  possible  skeletal  effects  of  prolonged  acceleration  on 
humans.  No  previous  systematic  Investigations  have  been  conducted  that  delineate  the  influence  of  centrifugation  on  vertebral 
bone  atrength.  Part  2  covers  the  results  of  biomechanical  testing,  i.c„  axial  eompressivp  loading,  of  the  vertebral  bodies  of  the 
•pines  of  the  two  baboons  exposed  simultaneously  to  G,  acceleration  for  6  months.  The  results  were  compared  to  previous 
strength  valuea  collected  on  baboons  of  similar  age,  weight  and  sex. 

METHODS 

ACCELERATION 

Two  young,  adult  male  baboons  (10-15  kg)  were  centrifuged  simultaneously  to  10  plateaus  of  4  G,  for  30  seconds  separated 
by  Intervals  of  1.5  G,  for  45  seconds  at  the  rate  of  two  times  per  week  for  26  weeks.  The  animat  care,  preparation,  and  cen¬ 
trifuge  experiments  were  described  In  part  1. 

TEST  SPECIMEN 

The  vertebral  columns  of  the  centrifuged  baboons  (Hfter  euthanasia)  were  excised  en  masse,  Identified  and  stored  in  a 
freeier  at  -  30*  centigrade.  Thirty-six  hours  before  testing,  the  vertebral  columns  were  removed  from  the  deep  freeze  and 
allowed  to  partially  thaw.  Simultaneously,  individual  vertebrae  were  disarticulated  from  one  another  by  slicing  through  the 
midsection  of  the  intervertebral  disks,  the  articular  capiules  were  sectioned,  and  the  vertebral  bodies  were  cut  away  at  the 
bate  of  the  pedicles  using  a  bind  saw.  Each  individual  vertebral  centrum  was  cleaned  of  all  tissue  adhering  to  its  surfaces. 
Care  was  exercised  so  the  surface  of  the  cortical  bone  was  not  marred.  The  remains  of  the  intervertebral  disk  (annulus 
fibroiut,  nucleus  pulposus  and  cartilaginous  end-plate)  were  carefully  removed  from  the  superior  and  inferior  vertebral 
body  surfaces, 
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The  tuperior  and  Inferior  vertebral  bearing  surfaces  were  photographed,  The  vertebral  body  bearing  area*  were  determined  for 
both  the  superior  and  inferior  surfaces;  using  the  photographs,  the  surface  area  measurements  were  averaged.  The  height  of  the 
vertebral  centrum  was  measured.  To  promote  a  uniform  load  distribution,  the  bearing  surfaces  of  each  vertebra)  centrum  were 
patted  in  an  acrylic  compound.  Using  dental  acrylic  resin,  the  potting  produced  circular-shaped  pots  with  the  specimen  located 
centrally.  The  diameter  of  the  pot  was  subsequently  used  to  locate  the  center  of  the  specimen  coincident  with  the  loading  axis  of 
the  test  machine.  The  vertebral  centra  were  placed  into  the  acrylic  at  both  ends,  and  the  entire  assembly  was  placed  in  a  V- 
shaped  trough  to  assure  that  both  surfaces  were  kept  parallel  and  axiaily  lined  as  previously  described  (Kazarian  and  Craves, 
1979).  The  vertebral  centra  were  wrapped  in  a  towel  in  Ringer's  solution  to  prevent  drying  while  the  acrylic  cured. 

TEST  MACHINE 

An  eiectrohydraulic  dosed  loop  test  machine  (Model  810  Material  Test  System,  MTS  System  Corp.,  Minneapolis,  Minn.)  was 
used  to  strain  each  test  specimen  (vertebral  centrum),  The  system  is  centered  around  an  eiectrohydraulic  closed  loop  test 
machine  capable  of  being  programed  and  controlled  In  load,  strain  and  displacement,  With  the  machine  In  the  displacement 
control  mode,  a  linear  ramp  funetlon  was  used  to  strain  each  test  specimen.  The  imposed  time-dependent  displacement  and  the 
resultant  compression  loads  were  recorded.  Ram  displacements  were  measured  using  a  linear  variable  differential  transformer, 
while  the  specimen  reacted  against  a  four-arm  bridge  strain  gauge  load  cell.  A  multichannel  FM  magnetic  tape  recorder  and  a 
multichannel  transient  recorder  were  used  to  store  the  test  results.  Load  and  displacement  data  were  stored  in  the  digital 
memory  of  a  transient  recorder  for  playback  at  reduced  speeds  into  the  X-Y  recorder.  A  test  fixture  chamber  was  designed  for 
observing  and  photographing  each  test  specimen  (Kasarian  and  Graves,  1979), 


Figure  6.  Typical  Load  vs.  Displacement  Curve 
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STRENGTH  VARIABLES 

A  typical  load  verms  displacement  curve  is  shown  in  Fig.  6.  As  the  specimen  is  stressed  from  the  start,  the  relationship  between 
load  and  displacement  Is  relatively  linear,  reflecting  the  elastic  nature  of  the  specimen.  Beyond  this  region,  as  loading  continues, 
the  specimen  becomes  less  elastic  (less  stiff)  and  deformation  changes  front!  the  reversible  to  irreversible  state.  A  line  calculated 
by  a  least  squares  fit  of  the  linear  portion  (slope)  of  the  elastic  section  of  the  load  vs.  displacement  curve  is  defined  as  the  stiffness 
of  the  ipectmen.  On  the  curve  beyond  the  apparent  linearly  increasing  elastic  section,  corresponding  to  the  maximum  load  value 
(where  a  tangent  to  the  curve  becomes  parallel  to  the  displacement  axis),  is  the  point  the  distance  from  which  perpendicular  to 
the  abscissa  Is  defined  as  the  ultimate  load;  it  is  alio  the  point  where  damage  to  the  specimen  becomes  Irreversible.  The  amount 
of  dlaplacement  from  xero  to  where  the  ultimate  load  Intersects  the  abscissa  is  displacement  to  ultimate  toad.  The  energy  to  ulti¬ 
mate  load  Is  defined  as  the  area  under  the  load  vs.  displacement  curve,  from  the  point  of  origin  (r.ero  displacement)  up  to  the 
ultimate  load  line.  The  ultimate  engineering  stress  is  computed  by  dividing  the  ultimate  load  by  the  cross-sectional  area  of  the 
■pecimen. 

The  yield  load  differs  from  the  ultimate  load  in  that  at  the  ultimate  load  an  apparent  structural  failure  has  occurred  within  the 
specimen;  at  the  yield  load,  it  is  assumed  that  adverse  structural  changes  arc  occurring  within  the  specimen  but  the  damage  is 
reversible.  The  yield  load  atarts  at  a  point  on  the  load  vs.  displacement  curve  that  deviates  from  the  apparent  elastic  portion 
(stiffness)  of  the  loading  curve.  For  specimens  from  fresh,  young  primates  (non-brittle),  a  2%  displacement  deviation  (strain)  hus 
proved  to  give  satisfactory  results.  The  yield  point  (on  curve)  Is  determined  analytically  by  taking  2%  of  the  apeclmen  pretest 
height  (2%  strain)  and  shifting  the  stiffness  line  to  the  right;  the  point  at  which  it  Intersects  the  curve  Is  the  yield  point.  A  perpen¬ 
dicular  line  from  the  yield  point  to  the  displacement  axis  U  the  yield  load.  The  amount  of  displacement  from  aero  to  the  yield 
load  (a  line  perpendicular  to  the  abscissa)  is  the  displacement  to  yield  load .  The  yield  stress  Is  computed  by  dividing  the  yield 
load  by  the  specimen  cross-sectional  area. 

SPECIMEN  ANALY8I8 

The  Individual  vertebral  bodies  of  the  spinal  columns  of  the  two  centrifuged  baboons,  F-24  and  F-32,  were  tested  from  the  T!  to 
L6  levels  and  at  one  compressive  loading  rate  of  8.89  X  10  1  meter/sec  (21  Inches/mln),  Since  It  is  reasonable  to  assume  that  dif¬ 
ferences  between  adjacent  vertebral  bodies  are  Insignificant,  the  spinal  column  was  apportioned  equally  to  six  column  positions, 
each  composed  of  three  adjacent  vertebrae  as  follows: 


Column  Position 


Assigned  Vertebral  Bodies 


T4,  T5,  T6 
T7,  T8,  T9 
T10,TU,TI2 
LI.  L2,  L3 
L4,  L5,  L6 


The  material  properties  data  of  each  vertebral  body  were  averaged  per  column  position.  A  more  meaningful  comparison 
could  be  made  between  experimental  conditions  (centrifuge  vs.  non-centrifuge)  when  comparing  the  data  as  a  function  of 
column  poaition  rather  than  individual  vertebral  icvels.  Thus,  the  centrifuged  data  were  compared  with  the  data  obtained 
previously  from  the  four  non-centrifuged  baboons  of  the  same  age,  weight  and  sex. 

The  non-centrifuged  baboon  vertebral  body  specimens  were  subjected  previously  to  three  difforent  loading  rates;  0.21,  21 
and  2100  inches/min.  In  order  to  accomplish  this  with  a  single  axial  compresaive  load  per  specimen  (centrum),  the  speci¬ 
mens  of  all  four  non-centrifuged  baboona  were  distributed  randomly  In  a  multi-species  vertebral  body  test  matrix,  so  that 
each  column  position  was  represented  per  baboon  per  loading  rate.  Thus,  each  column  position  had  at  least  one  of  its  three 
component  bodies  tested  at  one  of  the  three  ratea,  For  the  purpose  of  this  comparative  study,  only  the  data  obtained  at  the 
same  loading  rate  as  far  the  centrifuged  baboons  (21  inchcsfmin)  are  examined.  The  non-centrifuged  vertebral  centra  were 
randomly  distributed  In  the  matrix  as  follows: 


Baboon 

Column  Position 

No. 

PI 

P2 

P3 

P4 

PS  P6 

"  F  75 

TT 

"TT 

T8~ 

~TT2 

T5  nr 

F-76 

T3 

T6 

T9 

T10 

L2  L4 

F-86 

T3 

T4 

T8 

Til 

LI  L5 

F-78 

T2 

T5 

T7 

Til 

LI  Lb 

The  data  from  the  non-centrifuged  biboom  were  analyeed  per  column  petition  per  animal;  then  the  data  from  each  animal 
were  combined  to  give  an  average  value  for  each  column  poiition.  This  average  wae  used  to  compare  with  the  column  posi¬ 
tion  average  of  the  two  centrifuged  baboons.  It  would  have  been  possible  to  compare  some  individual  vertebal  levels  bet¬ 
ween  experimental  conditions,  but  not  all  because  each  vertebra  of  the  same  non-centrifuged  baboon  was  not  tested  at  the 
same  loading  rate,  a  requirement  to  obtain  and  compare  data  for  a  whole  spinal  column.  Comparing  individual  vertebrae 
between  such  a  small  number  of  animals  is  less  attractive  also  because  the  variability  between  such  few  baboons  would  be 
greater  than  between  individual  units  of  the  same  column  or  column  position. 

The  following  dependent  material  properties  were  analysed  first  as  a  function  of  each  vertebral  body  and  then  averaged  for 
each  column  poiition  per  centrifuged  baboon.  The  column  poiition  data  were  next  combined  to  give  average  values  for 
both  centrifuged  subjects. 


_ Dependent  Variables _ 

•  Stiffness  -  N/M 

•  Ultimate  Load  •  N 

•  Displacement  to  Ultimate  Load  •  M 

•  Ultimate  Engineering  Stress  •  PASCALS 

•  Energy  to  Ultimate  Load  •  JOULES 

•  Yield  Load  ■  N 

•  Displacement  to  Yield  Load  •  M 

•  Engineering  Yield  Stress  ■  PASCALS 


Each  dependent  variable  (average  for  the  centrifuged  baboons)  was  plotted  as  a  function  of  column  position  and  compared 
graphically  to  that  obtained  for  the  four  non-centrifuged  baboons,  if  it  is  assumed  that  combining  the  data  from  all  subjects  will 
minimize  the  differences  between  them,  then  column  position,  itself,  remains  as  the  only  independent  variable  in  the  study. 

Since  there  were  only  two  test  baboons  in  this  study,  the  data  were  not  statistically  evaluated,  but  observed  for  consistent  trends 
within  the  test  subjects  and  between  the  two  experimental  groups  and  for  determining  the  direction  of  further  efforts  in  this 
program. 


RESULTS  AND  DISCUSSION 

The  results  are  described  separately  for  each  of  the  dependent  vurlublcs.  They  are  evaluated  first  as  a  function  of  vertebral  body 
from  Tl  to  I/>  then  column  position  from  PI  to  P6,  and  last  compared  between  centrifuged  and  non-centrifuged  baboons.  The 
individual  curves  on  the  centrifuged  baboons  (F-24  and  F-32)  are  located  in  the  Appendix. 

STIFFNESS 

Stiffness  gradually  increased  from  the  Tl  to  L6  vertebral  levels  for  Baboons  F-24  and  F-32,  respectively.  Fig  7  presents  the 
average  curve  for  both  centrifuged  baboons,  in  terms  of  column  position,  stiffness  increased  from  Pi  to  P6  for  the  individual 
centrifuged  baboons;  the  average  curve  for  both  is  shown  in  Fig.  8,  This  increase  in  stiffness  ie  expected  with  increasing 
geometry  of  vertebral  centrum  from  the  Tl  to  the  L6  levels  of  the  spina!  column.  (Stiffness  vs.  vertebral  level  and  vs.  column 
position  per  centrifuged  baboon  are  found  in  the  Appendix.) 

When  a  comparison  was  made  between  the  two  centrifuged  baboons  and  the  four  non-centrifuged  baboons,  the  centrifuged 
curve  was  slightly  leas  stiff  from  PI  to  P6,  as  shown  in  Fig.  9.  This  indicates  that  the  centrifuged  vertebrae  were  less  resis¬ 
tant  (i.e.,  weaker)  to  compressive  loading  than  the  non-centrifuged  vertebrae. 

ULTIMATE  LOAD 

Ultimate  load  did  not  increase  appreciably  between  the  Tl  and  T5  levels  for  cither  tent  baboon  (see  Appendix);  from  T5  to  l/i, 
however,  the  curves  for  both  baboons  increased  sharply.  The  average  curve  of  ultimate  load  vs.  vertebral  level  for  both  baboons 
is  shown  In  Fig.  10.  The  response  in  terms  of  column  position,  likewise,  showed  no  change  between  the  first  two  column  posi¬ 
tions,  but  a  sharp  increase  from  P2  to  P6  for  either  test  baboon  (see  Appendix).  The  average  ultimate  loud  vs.  column  position 
curve  is  shown  in  Fig.  1 1. 

When  ultimate  load,  or  load  to  failure,  was  compared  between  the  two  experimental  groups,  as  shown  in  Fig.  12,  the  curve  for 
the  centrifuged  baboons  is  below  that  of  the  non-centrifuged  baboons,  as  was  the  case  with  stiffness.  Although  in  both  curves 
ultimate  load  increased  with  column  position,  the  curve  for  the  centrifuged  baboons  was  flatter,  indicating  that  less  loud  was  re¬ 
quired  to  fall  the  centrifuged  specimens, 
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T1  T2  T8  T4  TS  T«  T7  T8  T9  T10  Til T18  LI  L8  L8  L4  LB  L8 

VERTEBRAL  LEVEL 

Figure  7.  Stiffness  vi.  Vertebra!  Level  for  Centrifuged  Baboons  F-24  and  F-32. 


COLUMN  ROiiTION 

Figure  8.  Stiffness  vs.  Column  Position  for  Centrifuged  Baboons  F-24  and  F-32. 


Figure  9.  Companion  of  Stiffueis  vs.  Column  Poiition  between  Centrifuged  (C)  and  Non-centrifuged  (N)  Baboons. 


DISPLACEMENT  TO  ULTIMATE  LOAD 

Displacement  to  ultimate  load,  or  decrease  in  vertebral  centrum  height  to  point  of  failure,  actually  decreased  at  thr  beginning 
from  the  T1  to  T7  levels,  then  gradually  Increased  from  T7  to  L6  In  each  of  the  two  test  baboons.  The  average  curve  of  displace¬ 
ment  to  ultimate  load  as  a  function  of  vertebral  level  for  both  centrifuged  animals  Is  shown  in  Fig.  13;  the  curve  shows  in  part  a 
diphasic  response:  a  decrease  to  the  T7  level  fallowed  by  an  Increase  to  the  U>  level.  When  the  response  was  compared  as  a  func¬ 
tion  of  column  position,  each  test  baboon  showed  a  decrease  from  PI  to  P2  position,  followed  by  an  increase  from  P3  to  P6.  This 
is  evident  in  Fig.  14,  where  the  average  data  for  both  baboons  were  plotted  vs.  column  position.  The  diaphusic  response  reflects 
in  part  no  change  in  ultimate  load  between  the  first  two  column  positions  (Fig.  1 1). 

When  displacement  to  ultimate  load  was  compared  between  the  centrifuged  and  non-centrifugcd  baboons,  as  shown  in  Fig.  15, 
the  curve  for  the  centrifuged  baboons  was  slightly  less  (lower  and  flatter)  than  for  the  non-centrifugcd  baboons,  especially  from 
the  P2  to  P6  column  positions,  somewhat  similar  to  ultimate  load.  The  trend  indicated  again  that  ices  load  wae  required  to  per¬ 
manently  damage  the  centrifuged  specimens. 

ULTIMATE  ENGINEERING  STRESS 

The  response  of  ultimate  engineering  stress,  or  force  per  unit  area,  as  a  function  of  vertebral  level  was  not  very  clear  or  as  ap¬ 
parent  as  the  above  variables.  Each  centrifuged  baboon  showed  a  response  that  decreased  from  Tl  to  T2,  then  Increased  from 
T2  to  T3,  followed  by  a  sharp  decrease  to  T4;  the  curve  leveled  off  and  gradually  decreased  from  T4  to  L6  in  one  test  animal 
(F-32),  but  increased  up  to  T9  then  decreased  to  L6  in  the  other  (F-24).  The  average  response  for  both  baboons  (Fig.  16)  showed 
the  curve  to  decrease  from  Tl  to  T2,  then  increase  to  T3,  followed  by  a  sharp  decline  from  T3  to  T4,  which  gradually  built  up  (in¬ 
creased)  to  a  small  peak  at  T9;  from  T9  to  L6  there  was  a  gradual  decrease  in  stress.  When  the  data  were  evaluated  lu  terms  of 
column  position,  ultimate  engineering  stress  showed  a  decrease  from  PI  to  P2  in  each  of  the  centrifuged  animals.  However,  In 
F-24,  It  increased  from  P2  to  P3  and  then  dropped  sharply  from  P3  to  P6;  whereas  in  F-32,  the  response  showed  a  leveling  off 
and  gradual  decline  from  P3  to  P6.  When  the  combined  data  were  plotted  vs,  column  position,  the  curve  (Fig.  17)  showed  a  sharp 
drop  from  PI  to  P2,  followed  by  a  slight  Increase  at  P3;  the  stress  was  sharply  decreased  from  P3  to  P6. 

When  ultimate  engineering  stress  vs.  column  position  was  compared  between  the  two  experimental  groups,  the  curve  for  the  cen¬ 
trifuged  baboons  was  lower  than  for  the  non-centrifuged  baboons,  us  seen  in  Fig.  IB.  The  apparent  trend  Indicates  that  the  force 
per  unit  urea  was  less  for  the  centrifuged  vertebrae,  If  It  is  assumed  that  the  average  vertebral  body  arcus  were  relatively  the 
some  between  column  positions  in  both  experimental  groups,  this  response  would  be  reflected  in  the  ultimate  load  being  less  in 
the  centrifuged  than  non-centrifuged  animals. 


IB 


ENERGY  TO  ULTIMATE  LOAD 


Energy  to  ultimate  load  tended  to  decrease  at  the  upper  thoracic  levels  from  T1  to  T4  or  T5,  but  generally  increased 
thereafter  to  the  L6  level  for  either  centrifuged  baboon.  The  average  curve  for  both  balloons  (Fig.  19)  showed  this  initial 
decrease,  followed  by  a  gradual  increase  as  vertebral  level  increased  to  L6.  The  energy  vs,  column  position  rurvr  showed  h 
decrease  from  PI  to  P2  followed  by  an  increase  from  P2  to  P6;  the  latter  increase  was  gradual  for  Baboon  F-24  and  more 
abrupt  for  Baboon  F-32  with  increasing  vertebral  level.  The  average  curve  for  both  baboons  (Fig.  20)  showed  n  decrease 
between  the  first  two  column  positions  followed  by  a  steady  Increase  from  P2  to  P6, 

When  the  energy  to  ultimate  load  vs.  column  position  was  compared  between  centrifuged  and  non-centrifuged  animals,  us  shown 
in  Fig.  21,  the  average  curve  for  the  two  centrifuged  baboons  was  lower  and  flatter  than  the  non-centrifuged  animals)  thus,  the  ef¬ 
fect  was  not  as  prominent  for  the  test  animals,  The  trend  observed  indicates  that  leas  energy  was  required  to  fail  or  permanently 
damage  the  centrifuged  vertebrae. 

YIELD  LOAD 

The  yield  load  showed  in  general  a  gradual  Increase  from  T1  tu  L6  for  either  test  baboon.  The  average  curve  for  both  baboons 
(Fig.  22)  showed  a  gradual  increase  of  yield  load  as  a  function  of  vertebral  level.  In  terms  of  column  position,  the  yield  loud  in¬ 
creased  steadily  from  PI  to  P6)  the  average  curve  for  both  baboons  showing  this  gradual  increase  of  yield  load  vs.  column  posi¬ 
tion  Is  shown  In  Fig.  23. 

When  yield  load  vs.  column  position  was  compared  between  the  two  centrifuged  and  four  non-ccntrlfuged  baboons,  the  curve  for 
the  centrifuged  animals  was  lower  than  that  for  the  non-ccntrlfuged  ones,  as  seen  In  Fig.  24.  This  response  Is  purulicl  to  thut  for 
ultimate  load  and  reflects  here  that  less  load  was  required  lo  cause  reversible  damage  to  the  centrifuged  specimens. 

DISPLACEMENT  TO  YIELD  LOAD 

The  response  of  displacement  to  yield  load  vs.  vertebral  level  was  not  very  elear  ur  consistent  except  to  show  u  slight  tendency  to 
increase  with  increasing  vertebral  level  for  either  test  baboon.  The  average  displacement  to  yield  curve  for  both  baboons  is 
shown  in  Fig.  25.  When  displacement  was  evaluated  In  terms  of  column  position,  one  baboon  (F-24)  showed  u  consistent  increase 
with  column  position  that  was  more  apparent  than  in  the  case  of  the  other  babnon  (F-32).  The  average  displacement  to  yield 
curve  (Fig.  26)  reflects  this  inconsistency,  but  generally  indicates  a  trend  of  increasing  displacement  to  yield  with  increasing  col¬ 
umn  position. 


Figure  10.  Ultimate  Load  vs.  Vertebral  Level  for  Centrifuged  Baboons. 

19 


When  the  centrifuged  versus  non-centrifuged  displacement  to  yield  load  curvet  were  compared,  at  shown  In  Fig,  27,  the  dif¬ 
ference  was  not  too  apparent.  The  centrifuged  curve  was  slightly  lower  than  the  non-centrifuged  one  for  most  of  the  column  posi¬ 
tions  (escepl  P4),  thus  showing  a  trend  similar  to  that  observed  for  displacement  to  ultimate  load  above. 

ENGINEERING  YIELD  STRESS 

The  response  of  engineering  yield  stress  vs.  vertebral  level  was  erratic  (up-down-up)  from  T1  to  T9,  then  tended  to  decrease  front 
T9  to  l >6  for  both  test  baboons.  The  average  yield  stress  curve  reflects  this  response,  as  shown  in  Fig.  28.  The  yield  stress  vs.  col¬ 
umn  position  curve  was  different  for  both  centrifuged  animals  from  Pi  to  P3;  however,  both  animals  showed  a  decrease  in  yield 
stress  from  P3  to  P6.  This  is  evident  in  Fig.  29,  which  is  the  average  curve  of  yield  stress  vs.  column  position  for  both  test 
baboons. 

When  engineering  yield  stress  was  compared  between  the  two  test  baboons  and  the  four  non-centrifuged  baboons,  both  curves 
(Fig.  30) showed  little  change  from  PI  to  P3  followed  by  u  decrease  from  P3  to  P6.  However,  the  curve  for  the  centrifuged  ba¬ 
boons  was  lower  than  that  for  the  non-centrifuged  animals.  As  with  ultimate  engineering  stresa,  the  apparent  trend  indicates  that 
the  force  per  unit  area  was  less  for  the  centrifuged  vertebrae. 


h  p3  \  «*»  P* 


COLUMN  POSITION 

Figure  IS.  Comparison  of  Displacement  to  Ultimate  Load  vs.  Column  Position  between  Centrifuged  (C)  and  Non-centrifuged  (N) 
Baboons. 
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VERTEBRAL  LEVEL 

Figure  16.  Ultimate  Engineering  Stress  vs.  Vertebral  Level  for  Centrifuged  Baboons. 


COLUMN  ROBiTION 


Figure  17.  Ultimate  Engineering  Stress  vs.  Column  Position  fnr  Centrifuged  Baboons. 
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COLUMN  POSITION 

Figure  27.  Companion  of  Displacement  to  Yield  Load  vt.  Column  Poaltion  between  Centrifuged  (C)  and  Non-centrlfuged  (N) 
Baboons. 


GENERAL  COMMENTS 

Although  the  results  of  the  mechanical  strength  tests  were  not  conclusive  for  any  of  the  muteriul  properties  considered,  there  was 
u  consistent  trend  indicating  a  weakening  effect  on  the  vertebrae  of  the  baboons  exposed  to  this  acceleration  stress  during  u 
26-week  period,  This  preliminary  study  makes  it  feasible  to  repeat  the  experiment  using  more  animals  under  better  controlled 
conditions  so  as  to  determine  if  the  spinul  vertebral  changes  due  to  prolonged  acceleration  ure  reproducible  and  statistically 
significant. 
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Figure  28.  Engineering  Yield  Stress  vs,  Vertebrel  Level  for  Centrifuged  Baboons. 
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APPENDIX 

INDIVIDUAL  MATERIAL  PROPERTY  (STRENGTH)  CURVES  OF  CENTRIFUGED 
BABOONS  <F‘24  and  F-32)  VS.  VERTEBRAL  LEVEL  AND  COLUMN  POSITION  (Figs.  31-62) 


Tt  T8  T3  T4  T»  T«  T7  TB  TB  T10  Til  T1*  U  L>  L3  L4  LS  LB 

VERTEBRAL  LEVEL 

Figure  31.  Stiffness  vs.  Vertebral  Level:  Baboon  F-24. 


T 1  TB  T3  T4  TB  TB  T7  TB  Ti  TfO  Til  TIE  Li  L9  LB  L4  L 

VERTEBRAL  LEVEL 

Figure  32.  Stiffness  vs.  Vertebral  Level:  Baboon  F-32. 
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ULTIMATE  LOAD  CBOOY)  (Mix  10 


Ultimata  Load  (Body)  (M)ifO*  ULTIMATE  LOAD  (BODY)  <N)xtO 


COLUMN  POSITION 

Figure  37.  Ultimate  Load  vi.  Column  Position:  Baboon  F-24. 


n  ni  *  H  % 

COLUMN  POSITION 

Figure  38.  Ultimate  Load  vi.  Column  Position:  Baboon  F-32. 


TO  ULTIMATE  LOAD  (BODY)  (M)x10_3  DISPLACEMENT  TO  ULTIMATE  LOAD  (BOOT)  (Mix  10“ 


Figure  45.  Ultimate  Engineering  Strew  v»,  Column  Position:  Baboon  F-24. 


Figure  46.  Ultimate  Engineering  Stress  v*.  Column  Position:  Baboon  F-32. 
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Figure  47.  Energy  to  Ultimate  Load  vi.  Vertebral  Level;  Baboon  F-24. 
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Figure  53,  Yield  Load  v»,  Column  Poaltlon:  Baboon  F*24. 


OOLUMN  POSITION 

Figure  54.  Yield  Load  v».  Column  Position:  Baboon  F-32. 
42 


COLUMN  POSITION 

Figure  57.  Diiplacement  to  Yield  Load  v».  Column  Poiition:  Baboon  F-24. 
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